Catalogue Data de la jambe, de 125,9 ± 20,0 N à 64,2 ± 7,7 N (p ≤ 0,01)
L'objectif de cette étude consistait à évaluer les changements dans le contenu en glycogène des fibres musculaires suite à une stimulation électrique de haute fréquence (HFES). Des biopsies musculaires ont été prélevées dans le muscle vastus lateralis chez
 de la jambe, de 125,9 ± 20,0 N à 64,2 ± 7,7 N (p ≤ 0,01) 
Introduction
The impact of neuromuscular electrical stimulation (NMES) on skeletal muscle metabolism and morphology is an area of considerable research in both health and disease. Since the 1970s there has been particular interest in the use of high-frequency electrical stimulation (HFES) with pulse trains of various durations to enhance strength for both athletic performance and clinical rehabilitation purposes (Hainaut and Duchateau, 1992) . However, the rapid fatigue associated with HFES has been an issue of some concern, and more research is warranted to further our understanding of acute and chronic adaptations to HFES. Although it is generally recognized that glycogen is an important substrate for 5′-adenosine triphosphate (ATP) provision during bouts of high-intensity activity, its role in the fatigue observed remains unclear (Gastin, 2001) . Nonetheless, recent evidence strongly suggests that glycogen depletion during high-intensity exercise may be an important factor in fatigue, possibly contributing to both reduced ATP provision and altered sarcoplasmic reticulum function Lees et al., 2001; .
During voluntary exercise, it is generally accepted that motor unit activation follows a fixed order based on the size of the motor neuron (Henneman et al., 1965) . Motor units with smaller motor neurons are recruited first, while the larger motor neurons are recruited last if the power demands of a task increase. In general, this corresponds to an initial contribution of type I and then type II muscle fibres with increasing exercise intensity (Enoka, 1995) . In contrast, a growing body of evidence suggests a less orderly pattern of motor recruitment during neuromuscular electrical stimulation (NMES) in which both type I and type II fibres are repeatedly activated at all contraction intensities (Adams et al., 1993; BinderMacleod et al., 1995) .
This nonselective recruitment has been observed during prolonged (1 hour) intermittent and continuous electrical stimulation sessions at various frequencies using the glycogen depletion method (Dufour et al., 1994; Houston et al., 1982; Kim et al., 1995) . However, the rate of glycogenolysis is affected by both metabolic and contractile factors (Crowther et al., 2002a; 2002b) , and it has been more difficult to document changes in glycogen content in type I fibres during short bouts of stimulation at various frequencies (Sinacore et al., 1990) . In fact, highfrequency electrical stimulation (HFES) studies using short pulse-trains (1.6 s on, 1.6 s off) have shown a negligible glycogenolytic rate in type I fibres (Greenhaff et al., 1991; Soderlund et al., 1992) .
It was proposed that the major source of ATP repletion in type I fibres during these contractions was phosphocreatine (PCr) and aerobic metabolism; therefore very little change in glycogen concentration would be expected. In addition, there are differences in the sensitivity of the techniques (subjective vs. microphotometric) used to assess the changes in glycogen (Vollestad, 1987) . It is interesting to note that studies involving chronic HFES using longer pulse trains (>2 s) have been successful in increasing strength in heart failure patients as well as athletes (Maffiuletti et al., 2000; Quittan et al., 1999; Vaquero et al., 1998) . Given the proposed initial contribution of PCr and aerobic metabolism in type I fibres, we believe that longer pulse trains of HFES would require significant glycogenolytic activity in type I fibres due to a greater accumulation of positive glycogenolytic modulators.
Considering the success of longer pulse trains and the possible role of glycogen metabolism in fatigue, the aim of the present study was to document isometric knee extensor force and glycogen concentration through the use of a microphotometric technique during HFES with pulse trains of 15 seconds.
Methods

SUBJECTS
Seven healthy, moderately active young men between 20 and 30 years of age gave their informed consent to participate in this study. All were regularly active (walking, bicycling, jogging, resistance training) but did not participate in any training for athletic competition. All subjects completed four separate sessions: (1) orientation; (2) maximum voluntary isometric contraction measurement (MVIC); (3) NMES with biopsy; and (4) NMES with isometric force monitoring. All subjects completed the orientation followed by the maximum force testing, but were then randomly assigned to complete the two remaining sessions.
During an initial orientation session, each subject was given a detailed description of the procedures and familiarized himself with the NMES protocol until he felt comfortable at the targeted intensity (100 mA). During a second session, the maximum voluntary isometric contraction force of the knee extensor muscles of the right leg was measured. The force testing and the biopsy procedure were not carried out in the same laboratory. In order to minimize the time taken for biopsies and the discomfort for the subjects, each person completed a session of NMES with a biopsy in one laboratory on one day, and a session of NMES with force monitoring in another laboratory on another day. In addition, in order to verify whether there was any accommodation to the NMES, a crossover design was used in which subjects were randomly assigned to one of two groups when completing these last two sessions. Group A (n = 4) underwent the electrical stimulation proto-col and muscle biopsies the first day, and then a week later repeated the electrical stimulation protocol with isometric force measurements. Group B (n = 3) completed the electrical stimulation protocol and isometric force testing the first day, followed by NMES and the muscle biopsies a week later.
The subjects were fully informed of all risks and experimental procedures before being accepted into this study; they were assured that they would be free to withdraw at any time. All procedures conformed to the rules of the Medical Ethics Committee of Laval University.
MEASUREMENTS
Knee Extensors Force. The MVIC and the NMES-induced force of the knee extensor muscles of the right leg were measured as previously described (Thériault et al., 1996) . Briefly, the subjects were seated on a modified Omnitron™ hydraulic testing device and their knee joint was fixed at 90° of flexion. A force transducer attached to an ankle strap placed at the level of the malleoli measured the force output of each isometric contraction and relayed the data to a microprocessor.
In order to measure the maximum voluntary isometric contraction (MVIC), subjects were verbally encouraged to try to maximally extend the knee joint for 1 to 2 seconds. This procedure was repeated three times with 2 to 3 minutes rest between attempts. The average of the three values was kept as the maximum voluntary force value. During NMES, measurements of average force were retained during the 1st, 15th, 16th, and 30th contractions. This would correspond to the contractions immediately following a first biopsy, before and after a second biopsy, and before a third biopsy (see Muscle Sample Analysis below).
Electrical Stimulation Protocol. During the NMES sessions, each subject's knee extensor muscles were submitted to 30 contractions using a portable batterypowered stimulator (Respond II, Empi) and two 7.5-cm diameter round adhesive electrodes (Pals Plus, Empi). The unit delivered balanced rectangular symmetrical biphasic pulses with a pulse width of 300 µs interrupted at a pulse rate of 50 Hz with a duty cycle of 15 s on, 45 s off. Subjects were seated and the stimulated leg was held in place at 90° knee flexion. One electrode was placed over the proximal part of the knee extensor muscles (3 cm under the ilioinguinal region) while the other was applied over the motor point of the vastus lateralis (5 cm above and slightly to the outside of the patella), i.e., an area overlying the peripheral neuromuscular junctions (Hainaut and Duchateau, 1992) . Stimulation intensity was set at 100 mA for all subjects (maximum intensity of the stimulator).
Muscle Sample Analysis. Each subject completed a session whereby muscle biopsies were taken from the vastus lateralis (12-16 cm above the patella) via the modified percutaneous needle biopsy technique (Evans et al., 1982) at rest, after 15 contractions, and after 30 contractions of NMES. Samples were immediately frozen in isopentane (maintained at about -160 °C) and stored at -70 °C until being analyzed. Serial transverse sections were made from each sample.
Muscle fibre types were distinguished from myofibrillar ATPase (mATPase) staining as described earlier (Mabuchi and Sreter, 1980) , permitting identification of type I, IIA, and IIB fibres from the same transverse section. The glycogen con-tent in specific fibre types was determined with the periodic acid-Schiff (PAS) staining technique (Andersen, 1975) . Muscle fibres stained for glycogen were matched with serial sections stained for mATPase for the determination of stimulation-induced glycogen depletion patterns in specific fibre types.
Twenty randomly chosen muscle fibres from each type were used to estimate changes in glycogen content. An optical microscope (Leitz, Leica) was linked to a video camera (CCD-Iris, Sony) and a PC computer, and images of the stained sections were captured via an image analysis software package (MOCHA, Jandel Scientific, San Rafael, CA). The same image software was then used to quantify glycogen content and depletion. The arbitrary units were measured once the background intensity (unstained area around fibres) was standardised in all captured images. The minimal value detected by the computer was zero, corresponding to an absence of glycogen. It has previously been shown that a strong correlation exists between single fibre glycogen concentration measured biochemically and the fibre's staining intensity measured via image analysis of PAS-stained fibres (Vollestad and Blom, 1985) . The investigator was blind to the identity of the muscle samples prior to analysis (i.e., did not know when or from whom the tissue had been collected).
Statistical Analysis. No accommodation effect was observed when examining Groups A and B. A two-way ANOVA for repeated measures revealed no statistically significant interaction between groups and knee extensor force (Factor 1: groups; Factor 2: contraction; p = 0.078) or between groups and glycogen content (Factor 1: groups; Factor 2: time; p = 0.114) during HFES. Differences in glycogen content at rest between fibre types (types I, IIA, IIB) were assessed with a one-way ANOVA. The effect of HFES on the glycogen content (pre, post 1, post 2) of each fibre type and on isometric force (C1, C15, C16, C30) was then assessed using one-way ANOVA for repeated measures. Where significant F ratios were found, the Student-Newman-Keuls post hoc test was conducted. Results are expressed as means ± SE.
Results
At rest, the glycogen content in type I, IIA, and IIB muscle fibres was 113 ± 10, 129 ± 9, and 118 ± 8 arbitrary units, respectively (Figure 1 ). The glycogen content in type IIA fibres was significantly greater (p ≤ 0.01) than in both type I and type IIB fibres. No difference was found between type I and type IIB glycogen content at rest. After 15 min of electrical stimulation, the glycogen content in type I, IIA, and IIB muscle fibres significantly decreased to 103 ± 10 (p ≤ 0.05), 102 ± 12 (p ≤ 0.01), and 90 ± 13 (p ≤ 0.01) arbitrary units, respectively. No further decrease occurred following an additional 15 min of stimulation.
The average MVIC force of the knee extensor muscles of the right leg reached 530.5 ± 48.5 Newtons. During the first 15 minutes of stimulation, the average isometric force during contractions decreased significantly (p ≤ 0.001) by about 50%, from 125.9 ± 20.0 to 64.2 ± 7.7 Newtons. No further decrease in force was observed following an additional 15 minutes of stimulation (Figure 2) . The peak average isometric force observed during NMES contractions, about 23 ± 4% of MVIC, was achieved during the first contraction. 
Discussion
Electrical stimulation remains a subject of interest for both performance and rehabilitation purposes. However, contractions evoked through NMES generally demonstrate an increased fatigue and metabolic demand in comparison to voluntary exercise (Bigland-Ritchie et al., 1979; Vanderthommen et al., 1999) . A more complete appreciation of the response of skeletal muscle to NMES could greatly assist in the design and understanding of stimulation protocols. In the present study, we investigated glycogen metabolism in different fibre types during HFES using a microphotometric method of glycogen detection. Longer bouts of work and recovery were studied in order to gain new insight into muscle fibre recruitment and glycogen depletion patterns.
In the present study, significant decreases of the glycogen content in all fibre types were observed after 15 contractions (15 s on, 45 s off) at 50 Hz, with no further reduction during the next 15 contractions (Figure 1) . It has been suggested that the photometric determination of glycogen content is more sensitive than a subjective rating scale (Vollestad, 1987) . Using a subjective rating scale, it was previously reported that no glycogen depletion in type I muscle fibres could be observed following 50 contractions (5 s on, 2 s off) at 50 Hz (Sinacore et al., 1990) . In contrast, following 60 min of HFES, glycogen depletion in type I fibres had been detected using a subjective rating scale during dynamic (Kim et al., 1995) and isometric (Houston et al., 1982) contractions in human skeletal muscle. Therefore, the sensitivity of the technique used for detecting glycogen concentration is not the only factor to explain the findings of the present study. Additional factors contributing to the glycogenolytic activity of type I fibres must also be considered, including the inherent metabolic profile of the fibre type and nature of the activity.
The work and recovery durations of the present study were longer than those typically examined with HFES (Sinacore et al., 1990; Spriet et al., 1987; Soderlund et al., 1992; Vanderthommen et al., 1999) . Longer periods of work and recovery are associated with increased carbohydrate metabolism (Christmass et al., 1999) ; however, the mechanism by which changes in metabolic and contractile activity influence fuel utilisation is not fully understood (Christmass et al., 2001) .
Research suggests that the glycolytic flux is controlled by both metabolic and contractile factors (Crowther et al., 2002a; 2002b) . During intense bouts of activity, PCr and glycogen are utilized to meet the increased energy demands; nonetheless, although all fibre types are recruited during high-intensity exercise, the metabolic activity differs greatly between type I and II fibres. During short intermittent bouts of HFES (1.6 s on, 1.6 s off), PCr and glycolytic metabolism serve to meet ATP requirements in type II fibres, with the rate of glycogenolysis already near maximal at the onset. In contrast, the rate of glycogenolysis in type I fibres is extremely low, and it is proposed that the energy demands of type I fibres are met by PCr degradation and aerobic metabolism (Soderlund et al., 1992) . Accordingly, when blood flow is occluded, the glycogenolytic rate of type I fibres is greatly increased while the rate of type II fibres is relatively unaffected (Greenhaff et al., 1993) . In type I fibres as a result of occlusion, the accumulation of adenosine 5′-monophosphate (AMP), inosine monophosphate (IMP), and inorganic phosphate (Pi) might help increase the activation of the key regulatory enzymes of glycogenolysis and glycolysis, glycogen phosphorylase (Phos), and phosphofructokinase (PFK) (Crowther et al., 2002a) .
At the onset of stimulation in the present study, HFES elicited contractions of about 24% of the subjects' MVCs, decreasing to about 12% after 15 contractions. At least initially, it is possible that the longer work bouts of isometric contractions were sufficient to increase intramuscular pressure to the point of compressing blood vessels and occluding blood flow (Sjogaard et al., 1988) , and the resulting accumulation of metabolites might have contributed to the significant glycogen depletion in type I fibres. Although a significant decrease in glycogen and force was detected following the first 15 HFES contractions, an additional 15 contractions elicited no further changes in these two variables (see Figures 1 and  2 ). This is consistent with other studies that have observed a decrease of glycogenolysis and force production during later bouts of repeated high-intensity activity (McCartney et al., 1986; Spriet, 1989) .
Since the stimulation frequency and intensity were kept constant, this suggests a reduction in responsiveness to HFES. Therefore we must consider the possibility that the observed reduction in glycogenolytic rate was a function of a reduced contractile activity due to fatigue. During HFES, it is believed that the reduction in force is partly due to a failure of neuromuscular propagation following the extracellular depletion of sodium and increase of potassium (Bigland-Ritchie et al., 1979) . Reduced calcium release might have acted directly on Phos or PFK enzyme activity, or indirectly through reduced substrate availability, to inhibit glycolytic flux (Crowther et al., 2002b) . Along with electrical events, we also suggest that the short recovery periods of the present study (45 s) would contribute to an incomplete resynthesis of PCr in type II fibres over repeated bouts, and this decreased PCr concentration would have played an important role in the fatigue observed (Sahlin et al., 1998; Soderlund and Hultman, 1991) . This would be especially true during NMES since it is believed that the same fibres are repeatedly recruited throughout the stimulation protocol (Adams et al., 1993) .
The relatively constant muscle glycogen from contractions 15 to 30 might reflect the relative availability of glycogen from the different intramuscular pools. Graham and colleagues (2001) observed that glycogen stored as proglycogen was metabolized rapidly during high intensity exercise whereas the macroglycogen pools were relatively conserved. The current techniques could not differentiate between storage forms of glycogen. During NMES, many individuals cannot tolerate current intensities sufficient to elicit contractions equivalent to MVC (Hainaut and Duchateau, 1992) . Nonetheless, the acute metabolic demands observed during HFES may represent a unique stress on skeletal muscle that, when applied chronically, results in increased neural and metabolic adaptations. In conclusion, the present study demonstrated that significant glycogen depletion in all fibre types of the vastus lateralis muscle could be observed following 15 contractions of HFES using 15-s-on, 45-s-off pulse trains, and that isometric force of the knee extensor muscles was also decreased by this HFES.
